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a  b  s  t  r  a  c  t
White  layers  and  extensive  material  drag  introduced  during  rough  machining  are  regarded  as  detrimental
to  surface  integrity.  As  such  a sensible  method  for  determining  the  amount  of  material  to be  removed
in  a roughing  process  would  be to understand  the  relationship  and  interaction  between  roughing  (i.e.
drilling)  and  ﬁnishing  (i.e.  plunge  milling)  operations.  Within  this  work  non-standard  cutting  parameters
were  employed  during  the  roughing  process  to  generate  a white  layer  and  material  drag  up to a  depth
of  20  m. Various  plunge  milling  cutting  strategies  followed,  with  radius  removal  ranging  from  25 m
to  250  m  in  order  to  identify  the  amount  of  material  removal  necessary  to eliminate  the  anomalies
previously  generated  from  mistreated  surface  history.  The results  show  that  ﬁnishing  with a  depth  of
cut  between  50 m and  125  m  removes  all  anomalies  from  the  roughing  process,  leaving  behind  a
negligible  amount  of  material  drag  (3–4 m).  X-ray  diffraction  demonstrates  signiﬁcant  tensile  residual
stresses  (1000–2000  MPa)  were  generated  in  the  axial  and  hoop  direction  by abusive  hole  drilling  while
subsequent  plunge  milling  operation  leaves  compressive  surface  stresses  in the region  of  −500  MPa  in
both  the  axial  and  hoop  directions;  in  both  cases  the  depth  of  the surface  stresses  extended  to  around
125  m  from  the  drilled  surface.  It was  also  found  that  a depth  of cut  of 25  m was  not  sufﬁcient  to
recover  the  abused  surface;  this  was  due  to intense  material  drag  accompanied  by  surface  cracking
(i.e.  2 m  depth).  The  research  shows  that understanding  the  interaction  between  successive  cutting
operations  can  provide  a suitable  machining  route  to fulﬁl  the  industrial  quality  requirements  in terms
of  the  machined  surface  mechanical/metallurgical  properties.. Introduction
Due to the ever-increasing demand for gas turbine engines to
perate at increased temperatures to enable improved fuel efﬁcien-
ies, higher strength materials are employed. These in turn become
ore challenging to machine due to the quality surface integrity
tandards required by the industry. In particular, the high temper-
ture strength of emerging nickel-based superalloys requires new
achining strategies to be developed and industrially adopted as
escribed in Reed (2006) and Simms  and Hagel (1972).
Complex aero-engine parts demand that careful processing
outes are employed to ensure robust manufacture from the forg-
ngs to the ﬁnish cutting operations. In particular the quality of
ole features on the rotating parts must be carefully considered
s they could become fatigue initiators as described by Miner
1982) and Turan et al. (2007). Factors such as residual stress,
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surface roughness and workpiece surface integrity (e.g. metal-
lurgical/geometrical changes on/beneath machined surface) can
potentially reduce the fatigue life of components as shown by
Novovic et al. (2003) and Axinte and Andrews (2007).
During non-standard machining operations surface anomalies
can arise which have been extensively reported on in the avail-
able literature. Mantle and Aspinwall (2001) have reported surface
integrity upon high speed milling, describing material pull out, frac-
ture, smearing and deformation conﬁned to 10–20 m below the
machined surface. Other anomalies include material drag in excess
of 30 m during drilling operations, as described by Kwong et al.
(2009) comprising of distorted material along the cutting direction
as a consequence of increased cutting forces when abusive cutting
parameters were employed. Other surface anomalies can include
lapping/plucking which is characterised by discrete regions of
material folded back onto the surface (Ulutan and Ozel, 2011). Dur-
Open access under CC BY license. ing cutting operations in nickel-based superalloys (Inconel 718),
Kitagawa et al. (1997) has demonstrated that temperatures as high
as 600–1300 ◦C can be reached. If the thermal loads are well man-
aged (e.g. dissipated), negligible thermal effects can occur on the
1724 C.R.J. Herbert et al. / Journal of Materials Process
Nomenclature
SEM scanning electron microscope
XRD X-ray diffraction
TPD triangular plastic deformation
˚M plunge milling cutter diameter (mm)
˚D drill diameter (mm)
ap depth of cut (m)
f feed rate (mm/rev)
V cutting speed (m/min)
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VB tool ﬂank wear (mm)
achined surfaces. However Mitchell et al. (2008) showed that
hen intensive temperatures are reached, metallurgical changes
f the material on/beneath machined surfaces can occur. In partic-
lar the thermal inﬂuence arising from machining conditions (e.g.
xcessive cutting speeds as investigated by Bosheh and Mativenga
2006) and dry cutting conditions as shown by Chou and Evans
1999))  can be so intensive that a distinct layer having very dif-
erent properties can be formed at the machined surface. These
ayers have been reported for a wide range of materials, from mild
teels to nickel-based superalloys and they have been referred to
s white/recast/amorphous layers. Moylan et al. (2003) found by
ano-indentation that “white” layers in AISI steels can exhibit an
ncrease in hardness by approximately 20% after turning opera-
ions. The residual stresses within these layers within nickel-based
uperalloys have been found to be tensile in nature, as demon-
trated by Österle et al. (1999).
Typically most of the hole features manufactured on rotating
arts to meet the industry internal standards deﬁned in Axinte
nd Andrews (2007) involve a succession of roughing (i.e. drilling)
nd a ﬁnishing (i.e. reaming or plunge milling) operations. To
nsure that surface roughness, residual stress distribution and
urface anomalies are kept within tolerance during hole mak-
ng of nickel-based superalloys a range of trials with varying tool
ear and cutting speeds have been conducted as demonstrated
y Sharman et al. (2008),  Kwong et al. (2009) and Li et al. (2009).
owever, in these approaches the ﬁnishing operations were usually
ndertaken at large radial depths of cut (250–300 m)  to ensure
he total removal of any possible surface defects from the pre-
ious drilling operations. The use of conservatively “large” depth
f cuts is, at the moment, acceptable in respect to the normal
ndustry practice. Indeed, a critical analysis of why plunge milling
esults in better surface quality than reaming when ﬁnishing
ickel-based superalloys has been reported by Axinte and Andrews
2007). However, it appears that the optimal value of the material
tock to be removed by ﬁnishing operations has yet to be deter-
ined for particular combination of workpiece material and cutting
perations.
The scientiﬁc understanding and the interaction between
oughing and ﬁnishing operations on surface integrity still needs
eeper investigation. In this respect there is a need to understand
ow the properties of a (undesired) superﬁcial layer generated
rom a roughing operation changes with the subsequent ﬁnishing
uts.
This research investigates the evolution of metallurgical and
echanical properties of the workpiece surface integrity as a result
f roughing and ﬁnishing during hole making operations. In this
ay the paper documents the conditions in which near damage-
ree surfaces can be obtained. First “as-drilled” surfaces displaying
arious anomalies having different degrees of penetration are
xamined before identifying how such defects can be removed
y controlling the depth of cut employed by subsequent ﬁnish-
ng operations (in this case plunge milling). As residual stresses areing Technology 212 (2012) 1723– 1730
critical to fatigue, an in-depth analysis is also performed to deter-
mine the combined inﬂuence of successive drilling and plunge
milling operations on the level and the distribution of residual
stresses beneath the surface.
2. Experimental set-up and methodology
The investigations on the process of removing the “history” of
the surface layer characteristics due to the roughing process by a
subsequent ﬁnishing operation have been carried out on a newly
developed nickel-based superalloy for use in a damage tolerance
high pressure turbine disc for gas turbine engines, i.e. RR1000.
This particular material has a coarse grain (CG) structure to allow
improved dwell crack growth and creep resistance at high tem-
peratures; CG RR1000 is manufactured via the powder metallurgy
route, followed by isothermal forging and super-solvus heat treat-
ment to obtain the required coarse grain microstructure (Mitchell
et al., 2008). From forged CG RR1000 material, cylindrical plates of
Ø100 mm  with a thickness of 6 mm  were prepared for use in a suc-
cession of roughing (drilling) and ﬁnishing (plunge milling) hole
making operations, which were conducted on a Makino A55 5-axis
machining centre.
In the present work it was decided to introduce very severe sur-
face anomalies by abusive drilling (Vc = 35 m/min, f = 0.1 mm/rev;
no coolant, instead of the tool manufacturer recommendations as
described by Sandvik Coromant Technical Editorial Department
(2009))  from which a range of subsequent depth of cut (ap)
were employed for the ﬁnishing operation (plunge milling), lead-
ing to the formation of a new set of properties in the surface
layer (Table 1). After a signiﬁcant set of preliminary trials, it was
decided that milling cutters with a tool wear (VB) level of 0.2 mm
should be employed to replicate cutting in more disadvantageous
conditions.
In order to assess the evolution of the metallurgical and mechan-
ical properties of the surface layer during successive hole making
operations, the machined holes have been sectioned along the axial
and hoop directions using wire electro-discharge machining (EDM)
– Fig. 1a. These were further sectioned using a SiC cutting disc
at low feed speeds and abundant coolant supply to ensure that
no further thermal damage was  induced. The samples were then
mounted in conductive Bakelite, ground with SiC 2400 grit paper
and polished to 1 m to enable analysis of the microstructure in
the hoop and axial direction (Fig. 1a) using a Phillips XL30 scan-
ning electron microscope (SEM), in order to reveal any surface
anomalies (e.g. white layers, dragged grains as seen in Fig. 1b) that
might appear due to machining operations. Furthermore, residual
stresses in both axial and hoop directions have been measured
by X-ray diffraction using a Proto X-ray diffractometer with a
spot size diameter of 0.5 mm,  Mn  K radiation ( = 2.1031 A˚) to
acquire a (3 1 1) diffraction peak at a 2 angle of approximately
152◦, with a penetration depth of Mn  K radiation in Ni super-
alloy of approximately 10 m (99% absorption by workpiece at
 = 0◦), and the sin 2 technique measurements were performed
at eleven  tilt angles (  ˇ angles on the proto iXRD) with a 3◦
oscillation between ±27◦. Young’s modulus and Poisson’s ratio
were used to characterise the {3 1 1} reﬂection (204 GPa and 0.27
respectively). Measurements were made as the surface was elec-
tropolished away in increments of approximately 25 m to enable
the evaluation of stress as a function of depth beneath the machined
surface.
Surface anomalies that might be generated during drilling
of nickel-based superalloys have been found to extend up to
30 m below the machined surface (Axinte and Andrews, 2007;
Sharman et al., 2008). Since white layers resulting from local sur-
face overheating give rise to a steep increase in hardness and
C.R.J. Herbert et al. / Journal of Materials Processing Technology 212 (2012) 1723– 1730 1725
Table  1
Machining parameters of plunge milling to enable the study of history of the properties of the workpiece surface integrity.
ap (m) Mill to drill diameter ratio, ˚M/˚D Tool ﬂank wear, VB (mm)  Cutting speed, Vc (m/min) Feed per tooth (mm/tooth)
25 1.004 0.0 15 0.015
50 1.008  0.2 15 0.015
75 1.013  0.2 15 0.015
100  1.017 0.2 15 0.015
150  1.025 0.2 15 0.015
250  1.042 0.2 15 0.015
Note: Drilling parameters (VB = 0 mm,  Vc = 35 m/min, f = 0.10 mm/rev, no coolant) will be used to form the initial hole for plunge milling operation.
nd (b)
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sFig. 1. (a) Illustration of the preliminary drilled hole and plunge milled region a
ensile residual stresses and can reach depths exceeding 100 m
s shown by Ekmekci et al. (2007) and Smith et al. (2007), mate-
ial removal up to 250 m has been included in the testing
rogramme.Consequently, for increased understanding of the history of the
roperties in the workpiece superﬁcial layer, plunge milling has
een carried out with a range of cutting depths (25–250 m)  as
hown in Table 1.
ig. 2. Representative secondary electron images of mistreated drilled holes (VB = 0 mm,  V
ection; (b) hoop section – top of the hole; (c) hoop section – 33% depth of the hole; (d) h detail of potential region of surface to be removed by plunge milling operation.
3.  Results and discussion
3.1. Surface integrity after abusive hole-drillingThe intention was  to bring about by roughing a worst-case met-
allurgical alteration to the surface layer and observe how this can
be recovered by a subsequent plunge milling operation. It is well
documented (Aramcharoen and Mativenga, 2008; Harrison et al.,
c = 35 m/min, f = 0.10 mm/rev, coolant off) etched in orthophosphoric acid: (a) axial
oop section – 66% depth of the hole.
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(Fig. 3. Examples of SEM images of axial (a) and hoop (b) sections of holes p
007) that the white layers are caused by high temperatures and
echanical effects arising at the tool–workpiece interface result-
ng in markedly reduced grain size and hence increased hardness
f around 45% when compared with that of the bulk material as
hown by Herbert et al. (2011).  It is clear from Fig. 2 that a white
ayer of around 3 m has formed, accompanied by material drag of
9 m.  This is most visible in the hoop direction, but also evident
n the feed direction. The surface integrity after hole drilling can be
ummarised as follows:(i) Axial section.  The white layer is discontinuous in nature
(Fig. 2a); this is probably due to an increase in contact between
the workpiece surface and the worn primary and secondary
ig. 4. Scanning electron microscope images of surface damage when plunge milling wit
c)  hoop sections; 10,000× magniﬁcation: (b) axial and (d) hoop sections. milled (ap = 50 m)  after abusive drilling (etched in orthophosphoric acid).
cutting edges causing pull-out/fracture of the white layer
when the drill advances down into the workpiece.
(ii) Hoop section. At the top of a drilled hole the white layer has a
uniform thickness (approximately 5 m),  smooth appearance
and is accompanied with a small degree of material drag
(Fig. 2b). The thickness of the white layer decreases with
depth down the hole. This is similar to the triangular plastic
deformation (TPD) zone as described by Kwong et al. (2009)
arising from prolonged contact between the minor cutting
edge (S′) and the top zones of the hole leading to a build-up
of heat and a “smoothing” effect on the white layer. Deeper
into the hole the interaction period decreases resulting in a
shallower and less continuous ﬂaked white layer as it can be
seen in Fig. 2c (33% depth) and Fig. 2d (66% depth).
h ap = 25 m (etched in orthophosphoric acid): 5000× magniﬁcation: (a) axial and
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.2. Evolution of metallurgical surface integrity as a result of
ubsequent plunge milling operations
The plunge milling conditions studied are summarised in
able 1. With a plunge milling depth of cut as small as 50 m no
evere surface anomalies are visible on any of the surfaces (Fig. 3a).
his indicates that this depth of cut is sufﬁcient to remove the met-
llurgical damaged layers (up to 10 m in thickness); however, it
hould be noted that in the hoop direction a small level of material
rag (3–4 m)  is retained (Fig. 3b).
By contrast, when plunge milling with a shallow depth of cut of
5 m unacceptable surface alterations appeared in both the axial
nd hoop orientations (Fig. 4); a cracked surface layer extending to
 depth of around 2 m is present on the machined surface in the
xial direction which appears to be semi-detached from the bulk
aterial.
The origin of such microcracks and material dragging can be
elated to the geometry of the cutting edge of the plunge milling
utter. Fig. 5 shows a cross section of the cutting edge, from which
t can be noted that the edge radius is about 30 m.  Woon and
ahman (2010) showed that when the ratio of the undeformed
hip thickness over the tool edge radius is reduced to below 0.8
he chip is not cut but rather deﬂected by the tool edge radius.
ince the 25 m depth of cut is comparable with the cutting edge
adius, the material in the shear zone experiences enough pressure
nd temperature to cause material to ﬂow sideways (Kishawy and
lbestawi, 1999) resulting in rubbing/burnishing and consequently
ocal cracking of the workpiece material. Moreover, considering the
ncreased hardness of the white layer (i.e. ca. 630HV) compared to
he base material, it is expected, that at such shallow depth of cuts,
Fig. 6. Surface residual stress measurements in axial and hoop directions after aing Technology 212 (2012) 1723– 1730 1727
the effect of intense material dragging/tearing and cracking is likely
to increase.
From a microstructural point of view, plunge milling operations
have proven to be a sufﬁcient method for recovering the workpiece
surface integrity, provided that the depth of cut is larger than the
depth of the mistreated surface layer (from the previous operation)
and the minimum chip thickness. However, before concluding this
depth of cut obtains the required workpiece surface integrity; it is
also important to consider its effect on the residual stresses which
can be as deep as 100 m beneath the surface. This might suggest
that the removal of 50 m depth may  not be sufﬁcient to recover
the surface integrity in terms of stress.
3.3. Evolution of the residual stress distributions in drilling and
plunge milling operations
Tensile residual stress proﬁles for drilling CG RR1000 with inap-
propriate machining parameters have previously been reported
by Kwong et al. (2008, 2009).  This is of concern because tensile
stresses are thought to promote crack propagation, while com-
pressive residual stresses are preferred by reducing crack growth
ensuring increased service life of components as explained by
Withers and Bhadeshia (2001).  In the following section, the effect
of plunge milling to different depths evaluates the effects on the
highly tensile residual stresses resulting from the abusive hole
drilling parameters.
The residual stress proﬁles measured on the surface along the
depth of the hole after abusive hole-drilling and after plunge milling
to a depth of 25 m are compared in Fig. 6. It is clear that abu-
sive hole-drilling introduced high tensile stresses in both the axial
and hoop directions, being largest in the hoop direction. However,
after plunge milling with ap = 25 m compressive residual stresses
of −500 MPa  were measured along the hole depth in both hoop
and axial directions. This shows that even a shallow cut is enough
to remove the thermally affected zone from the roughing process
and replace the concomitant surface tensile stresses with beneﬁcial
compressive ones.
Nevertheless, it is important to see how the proﬁles of residual
stresses beneath the abusively machined surface evolve upon stan-
dard plunge milling. As such, residual stresses were measured in
both the hoop and axial directions at a 25 m depth increment for
surfaces obtained after abusive drilling and subsequently plunge
milling (Fig. 7) operations. After abusive drilling the highly ten-
sile surface stresses for both axial and hoop directions decay to
negligible values at a depth of around 125 m.  By contrast, after
plunge milling with ap = 25 m compressive residual stresses of
busive hole drilling and plunge milling operation to a depth ap = 0.25 mm.
1728 C.R.J. Herbert et al. / Journal of Materials Processing Technology 212 (2012) 1723– 1730
Fig. 7. Residual stress proﬁles in the axial and hoop directions after abusive drilling (VB = 0 mm,  Vc = 35 m/min, f = 0.1 mm/rev, coolant off) and after subsequent plunge milling
operation with a material radius removal of 25 m at 5 mm depth of hole.
Fig. 8. Surface residual stress measurements of recovered surfaces by plunge milling for different depth of cuts for stresses in (a) axial and (b) hoop directions.
C.R.J. Herbert et al. / Journal of Materials Processing Technology 212 (2012) 1723– 1730 1729
F ling to
e
a
d
t
t
h
d
f
f
l
d
u
i
h
m
t
s
c
T
r
d
s
i
t
l
o
s
r
t
f
r
o
i
t
g
i
iig. 9. SEM micrographs (hoop direction) after abusive drilling (left) and plunge mil
tched  in orthophosphoric acid.
bout −500 MPa  decay to zero at around the same depth. These
epths are similar to those observed by Li et al. (2009) for face
urning of CG RR1000 nickel-based superalloy.
In order to evaluate the effect on residual stresses from varying
he depth of cut employed in plunge milling, XRD measurements
ave been carried out on the milled surfaces (both axial and hoop
irections) along the length of the holes. Fig. 8 shows that except
or the test performed with ap = 25 m,  all the plunge milled sur-
aces have comparable highly compressive residual stresses with
ittle variation along the length of the hole. However, when the
epth of cut is reduced to only 25 m,  lower compressive resid-
al stresses in both the axial and hoop directions were found. This
s to be expected because the abusive drilling parameters lead to
ighly tensile residual stresses up to depth of 50–60 m and plunge
illing to 25 m removes only part of this zone, thus only par-
ially imposing a characteristic compressive plunge milling residual
tress proﬁle.
Fig. 9 shows a comparison between the non-standard abusive
utting parameters and the smallest plunge milling, i.e. ap = 25 m.
hese results demonstrate that although the white layer has been
emoved there is still evidence of material drag present up to a
epth of 30 m which could conﬁrm the reduced residual stress
een for ap = 25 m in Fig. 8. It can be concluded that the mechan-
cal inﬂuence in fact penetrates up to 125 m from the surface as
his is where compressive stress returns to zero (Fig. 7), despite
ack of microstructural evidence beyond 30 m.  The plunge milling
peration of ap = 25 m has also introduced surface cracking due to
mall chip removal as previously mentioned which are undesirable
egarding component liﬁng.
This paper has shown that by employing a methodical approach
o generate consistent abusive surfaces during the roughing process
ollowed by removing the detrimental affect with various cutting
adiuses, the minimal amount of material removal can be found to
btain suitable surface ﬁnishes not only in terms of surface anomaly
nspection but also residual stress distributions. The results within
his work have shown that the removal of 50 m per radius and
reater is sufﬁcient to remove the worst case surface effects dur-
ng non-standard abusive drilling parameters, thus removing any ap = 25 m (right) to illustrate sections removed by subsequent ﬁnishing operation
damaging signs of white layer or material drag from the sur-
face, while also ensuring a compressive stress of approximately
1000 MPa  in both the hoop and axial direction. This ensures that no
surface defects are present to act as crack initiation points, while
the compressive stress in the surface prevents premature crack
generation of the component ensuring suitable component liﬁng.
4. Conclusions
This paper presents a comprehensive assessment of the recovery
of surface integrity using plunge milling after abusive hole drilling.
The main results and conclusions are summarised as follows:
i. Abusive hole drilling has led to the generation of a 3 m white
layer and material drag up to a depth of 20 m.  These results
show that more material drag was  developed in the hoop direc-
tion than the feed direction due to the main cutting force being
in the hoop.
ii. With the tools used in this investigation it showed that using a
plunge milling ap at 25 m with this particular tool geometry
caused a cracked layer 2 m from the edge was formed due to
chip drag rather than cutting. The initiation of cracks is not tol-
erable and this shows that 25 m removal of cut is undesirable.
By contrast, it was  found that plunge milling depths of 50 m
and 125 m radius removal were sufﬁcient to eliminate the hole
drilling damage. In these cases, the plunge milling operation
itself was  found to create 3–4 m material drag itself which is
considered acceptable.
ii. Axial and hoop residual stresses as a result of machining were
measured. Abusive drilling introduces signiﬁcant tensile resid-
ual stresses in both hoop (∼1500 MPa) and axial (∼1000 MPa)
direction.
iv. The residual stresses on subsequent plunge milling conﬁrmed
the conclusions from the microstructural study, demonstrating
that while a 25 m plunge depth is sufﬁcient to remove ten-
sile residual stresses, it was  not sufﬁcient to be considerably
less compressive. Removal of >50 m was  found to completely
remove the footprint from the previous cutting operation and
1 rocess
v
T
t
c
s
T
s
g
o
r
t
o
f
o
A
f
p
l
M
m
i
R
A
A
B
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retains residual stress values similar to those without a white
layer.
v. Residual stresses were also measured along the bore prior
and post to the ﬁnishing operation demonstrating that tensile
stresses were compressive for both the hoop and axial direction,
which is beneﬁcial for the fatigue life of components.
i. It was found that the tensile hole drilling and compressive
plunge milling stresses fell to around zero at a depth of 125 m
from the original hole surface.
o conclude, this paper shows that understanding the interac-
ion between the successive roughing and ﬁnishing operations
an lead to the selection of a machining route to obtain a desired
et of mechanical/metallurgical properties of the superﬁcial layer.
his found that when an abused surface generated from non-
tandard drilling operations is plunge milled by a radial depth
reater than 50 m,  it is capable of removing all detrimental effects
f the abusive history fulﬁlling the strict industrial surface quality
equirements. This data regarding the minimal amount of material
o remove to successfully restore abusive surface history does not
nly apply for drilling operations, but may  also be used as a trans-
erable guide to other machining operations, although the inﬂuence
f the cutting process and tool wear must also be considered.
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